Humic acids (HA) isolated from a sequence of six Brazilian tropical soils with different degrees of weathering were characterized to evaluate possible relationships among their structural features and bioactivities toward plant growth. The chemical properties of HA, including elemental, conformational, and spectroscopy characteristics, were related to the HA effects on the activity of the plasma membrane H+-ATPase, as a biochemical marker for HA-induced root growth processes. The HA isolated from highly weathered soils had a larger oxidized character than HA isolated from less weathered soils. Organic matter transformation in more weathered soil induced an increase in carboxylic acidity accompanied with a decrease in alkyl content, as well as fluorescence intensity and content of free radicals. These changes suggested an alteration of the originally condensed aromatic compounds (lignin units) into unsaturated carboxylic acids. The HA derived from less weathered soils stimulated the plasma membrane H+-ATPase activity and maize root growth about twofold more than HA isolated from more weathered soils. Hydrophobicity and acidic functional groups represented the HA characteristics mostly effective in the stimulation of plant bioactivity. These results revealed a still unexplored relationship between chemical and biological properties of soil organic matter as a function of the weathering degree of native soils. (Soil Science 2008;173:624-637) 
H UMIC substances (HS) and humic acids (HA), in particular, represent the persistent, although reactive, and most abundant pool of soil organic matter. The molecular and spectroscopic properties of HA have been repeatedly related to soil genesis, land use history, and soil properties (Stevenson, 1994) . Furthermore, HA can affect plant growth and metabolism (Vaughan et al., 1985; Chen and Aviad, 1990) , but the attempts to relate HA structure to biological activity have so far produced contrasting results (Piccolo et al., 1992; Canellas and Faqanha, 2004) . Nardi et al. (2002) proposed that HS should be absorbed by root cells before they can exert their hormone-like effects on cell membrane, nutrient uptake, and plant growth. It is also widely recognized that the main effects of HS on plant development are related to root growth, whereas effects on shoots are usually slight (Nardi et al., 2002) . Canellas et al. (2002) observed that HA isolated from vermicompost induced the proliferation of lateral emerging sites in maize roots formed by meristematic cells with a plasma membrane (PM) enriched by H+-ATPases (Jahn et al., 1998) . In addition, it was observed that HA enhanced the expression of PM H+-ATPases (Canellas et al., 2002) . This phenomenon was explained on the basis of the "acid growth theory," which postulates the acidification of the apoplast due to activation of PM H+-ATPase and consequent induction of cellular expansion (as reviewed in Rayle and Cleland, 1992) . In fact, it has been reported that auxin can also stimulate de novo synthesis of PM H+-ATPase in plant tissues (Hager et al., 1991) , in relation to an induction of H+-ATPase mRNA of the major isoform (Mha2) expressed in maize (Frias et al., 1996) . Quaggiotti et al. (2004) have verified that HS can also induce the transcription of the Mha2 gene in maize roots. Recently, Zandonadi et al. (2007) demonstrated a complex regulation of proton pumps localized in both PM and tonoplast by HA isolated from diverse sources, and verified that H+-ATPase and H+-pyrophosphate activities are three times larger than that promoted by synthetic auxin, thereby suggesting the presence of other plantregulator compounds in the HA structure.
Acid hydrolysis is the main reaction of soil minerals dissolution and dominates the weathering process in tropical regions (Berner, 1992; Drever and Vance, 1994; Lucas, 2001) , where soils with the predominant mineralogies of kaolinite and iron and aluminum oxides and hydroxides are generally produced (Fontes et al., 2001) . The HA isolated from such highly weathered soils were found to be rich in acidic functionalities (Mendonýa and Rowell, 1996) . However, the relationship between the degree of soil weathering, consequent soil properties, and the biological activities of HA extracts from these soils has not yet been explored.
The aim of this work was to relate the chemical characteristics of HA, derived from six tropical soils with different degrees of weathering, with the HA ability to promote root growth in maize plants.
MATERIALS AND METHODS

Soil Samples
Soil samples were collected from the surface horizon of six different sites included in a typical sequence of soil weathering in the northeastern region of Rio de Janeiro state (Table 1) . The selected soils were collected after their profiles were exposed, and their classification was conducted according to the Soil Survey Staff (2006) , where the dominant soil orders were Oxisols, Ultisols, Luvisols, Mollisols, and Entisols 
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( Table 1) . The soil samples were air dried and passed through a 2-mm sieve. Organic carbon content (Corg, g kg-1) was determined by a modified Walldey-Black procedure (Yeomans and Bremner, 1988) . Total nitrogen (N) was determined by the Kjeldahl method (Bremner and Mulvaney, 1982) , whereas the rest of soil chemical properties were measured as by the Embrapa Handbook (1997) . Some chemical characteristics of samples are shown in Table 1 .
Extraction and Purification of HA
Humic acids were extracted and purified as suggested by Stevenson (1994) . Briefly, 50 g of soil was mixed with 500 mL of 0.5 M NaOH, under N 2 atmosphere. After shaking for 12 h, the suspension was centrifuged at 5000g, and the separated supernatant was acidified to pH 1.5 with 6 M HCI to obtain an HA precipitate. The HA was again solubilized with 1 M NaOH and precipitated with 6 M HCL. This purification procedure was repeated three times. The HA residue was then added with 100 mL of a dilute HF-HCl solution [5 mL HCI (36%)+ 5 mL HF (48%) L-1] and shaken overnight. After centrifugation (5000g) for 15 min, the HA residue was repeatedly washed with deionized water, dialyzed against deionized water using a 12-to 14-kDa-cutoff membrane (Thomas Scientific, Inc) until chloride-free, and freeze-dried.
Characterization of HA
Elemental composition was determined with a CHN PerkinElmer (Waltham, Massachusetts) autoanalyzer (14800). Oxygen was calculated by difference. Ash content was obtained by sample incineration at 700 'C on three replicates. Total acidity of HA was determined by the Ba(OH) 2 method, and carboxylic acidity by the Ca(OAc) 2 method (Stevenson, 1994) .
The E 4 /E 6 ratio was determined by dissolving 4 mg of each HA in 10 mL of 0.05 M NaHCO 3 , and the pH was adjusted to 8.3 with dilute NaOH. The absorbances at 465 and 665 nm were measured in a Shimadzu spectrophotometer DMS 8000 (Tokyo, Japan).
Each HA sample was dissolved in 0.05 M NaHCO 3 to obtain a concentration of 20 mg C L-1. The intensity of fluorescence emitted from solutions was recorded with a RF 5301 PC spectrofluophotometer Shimadzu (Tokyo, Japan) with excitation fixed in the blue (465 nm) region .
NMR Spectroscopy
Cross-polarization magic angle spinning (CPMAS)-13C-NMR spectra were acquired with a Bruker AVANCE 300 (Bruker Daltonics Inc., Billerica, MA), equipped with 4-mm wide-bore magic angle spinning probe, operating at a 13 C resonating frequency of 75.475 MHz, and a rotor spin rate of 5000 ± 1 Hz. Samples were packed in 4-mm zirconia rotors with Kel-F caps; 1510 data points were collected over acquisition time of 20 msec, a recycle delay (RD) of 3.0 sec, and 2000 scans. The RD was chosen after evaluation of Ti (H) values (previously reported by Conte et al., 2007) to have an RD of more than 5 T1 (H). A variablecontact-time pulse sequence was applied with a 1H ramp to account for inhomogeneity of the Hartmann-Hahn condition at high rotor spin rates (Smejkalovi et al., 2008 ). An average spin lock frequency of 60 MHz was applied during the ramped cross-polarization time. Contac time was varied in the interval of 0.010 to 7 msec. Spectra elaboration was conducted by Mestre-C version 4.9.9.9. software (Mestrelab Research Si, Santiago De Compostela, Spain). All free induction decays were transformed by applying, first, a 16 k zero filling and then an exponential filter function with a line broadening of 100 Hz. Spectra were integrated in the chemical shift (ppm) resonance intervals of 220-161 (carbonyls of ketones, quinones, aldehydes, and carboxyls), 161-112 (aromatic or olefinic carbons), 112-92 (anomeric carbons), 92-64 (C-O systems, such as alcohols and ethers), 64-44 (C-N groups and complex aliphatic carbons), and 44-0 (alkyl carbons). The areas pertaining to alkyl (44-0 ppm) and aromatic/olefinic (112-92 ppm) carbons were summed to represent the hydrophobic carbons in samples (degree of hydrophobicity, HB). Similarly, the areas in the intervals related to polar carbons (220-161, 112-92, and 92-64 ppm) were summed to represent the degree of carbon hydrophilicity (HI) in samples.
Electron Paramagnetic Resonance Spectroscopy
Electron paramagnetic resonance (EPR) spectra were recorded using a Bruker EM]X spectrometer (Bruker) on HA samples at room temperature. To minimize the humidity effects, before measurements, the HA samples were first dried overnight at approximately 55 'C and then left in a desiccator over silica gel until measurement (Novotny and Martin-Neto, 2002 (Poole, 1967) , where I is the EPR derivative signal amplitude, and AH is the peakto-peak line width. The content of semiquinone-type free radicals was obtained using a secondary standard according to the method of Singer (1959) to detect possible alterations in the Q values of the EPR cavity (Martin-Neto et al., 1994) . A strong pitch of known free radicals content was also used as a standard. Experimental conditions were modulation frequency of 100 kHz, microwave power (0.2 mW), to avoid semiquinone-type free radicals signal saturation, adequate modulation amplitude (0.1 mT), and time constant (2.56 msec), which was 0.25 of the conversion time to guarantee no signal deformation by increasing line width. The results obtained were corrected for the sample carbon content [spins (g C-1)].
Size Exclusion Chromatography
The high-performance size exclusion chromatography (HPSEC) system consisted of a Shimadzu LC-10ADVP pump and two detectors in series, a UV-Vis variable wavelength detector (PerkinElmer LC-295) set at 280 nm and a refractive index (RI) detector (Refractomonitor IV; Fisons Instruments, San Carlos, CA). A Rheodyne (Rheodyne LLC, Rhonert Park, CA) rotary injector, equipped with a 100-ptL sample loop, was used to load the calibration standards and humic solutions. Size exclusion separation occurred through a Polysep-GFC-P 3000 (600 mm per 7.8 mm i.d.) column (Phenomenex, Torrance, CA), preceded by a Polysep-GFC-Guard column (35 mm per 7.8 mm i.d.), and by a 0.2-tm stainless steel inlet filter. Both columns were packed with rigid spherical silica gels chemically bonded with hydrophilic compounds. Phosphate buffer (NaH 2 PO 4 , 0.0625 M, pH 7, ionic strength 0.104 M) was used as eluent at a flow rate of 0.6 mL min-1. The void volume (Vo = 10.96 mL) and the total permeation volume (Vt = 25.88 mL) of the column were determined using blue dextran (2000 kDa) and water (18 Da), respectively. The HPSEC system was calibrated using sodium polystyrene sulfonate standards (Polymer Standard Service, Mainz, Germany) with molecular weight ranging from 1100 to 130,000 Da. Size exclusion chromatograms for both UV and RI detector were evaluated using the PerkinElmer Turbochrom v6.2 peak-integration and molecular-weight software applying an SEC noise threshold of 5, an area threshold of 28, and Hanielec calibration. Calculation of the apparent weight-average molecular weight values (Mwa) was carried out as previously described (Smejkalovi and Piccolo, 2006) .
HA Bioactivity Plant Growth and HA Treatment
Maize seeds (Zea mays L., var UENF 506) provided by Plant Science at Universidade Estadual do Norte Fluminense Darcy Ribeiro were surface sterilized by soaking in 0.5% NaCIO for 30 min, followed by rinsing and then soaking in water for 6 h. The seeds were then sown on wet filter paper and germinated in the dark at 28 'C. Four-day-old maize seedlings with roots of approximately 0.5 cm in length were transferred into a solution containing 2 mM CaCl 2 and either 0 or 20 mg C dry weight L-1 of each HA extract. A minimal medium (CaC1 2 2 mmol L -1) has been used in this work to avoid any interference with nutrient constituents that could fuinction synergistically along with HA on plant growth and metabolism (e.g., see Pinton et al., 1999) .
Root Growth
Roots were collected on the seventh day and scanned at 300 d.p.i. (dots per inch) to estimate their lengths and areas using images analysis software Delta-T Scan (Cambridge, UK) (Bouma et al., 2000) . Other samples of root seedlings were collected and used for further experiments.
Frequency of Sites of Lateral Root Emergence
Seeds of maize (Zea mays L., var UENF 506) were germinated for 4 days in wet filter paper and rooted in a medium containing 0 or 40 mg L-1 of HA. The whole root system (three replicates) of both treatments were harvested every day during a period of 7 days to evaluate the number of mitotic sites. The entire root systems were washed in water and cleared by boiling at 75 'C for 20 min in KOH 0.5%. Root samples were rinsed in water and stained for 14 h in the dark with a hematoxylin staining solution. They were then rinsed in water and destained in 80% lactic acid at 75 'C for 30 to 90 sec. Individual entire roots were transferred to Petri plates containing water and observed with a stereoscopic microscope (Carl Zeiss MicroImaging GmbH, Berlin, Germany) to evaluate the number of mitotic sites that were visible as red dots in a pink-to-white background on the root tissue. Hematoxylin stock solution consisted of 1 g hematoxylin, 0.5 g ferric ammonium sulfate, and 50 mL 45% acetic acid and was also stored in the dark at room temperature. Stains were prepared by diluting the stock solution 40-fold in water.
Plasma Membrane-Enriched Vesicles
Plasma membrane vesicles were isolated from roots grown with and without 20 mg C L-1 of each HA using the differential centrifugation method (DeMichelis and Spanswich, 1986) , as modified by Faqanha and de Meis (1995) . Briefly, about 15 g (fresh weight) of maize roots were homogenized using a mortar and pestle in 30 mL of ice-cold buffer containing 250 mmol L-1 sucrose, 10% (wt/vol) glycerol, 0.5% (wt/vol) polyvinylpyrrolidone (PVP-40, 40 kDa), 2 mmol L-1 EDTA, 0.5% (wt/vol) BSA, and 0.1 mol L 1 Tris-HC1 buffer at pH 8.0. Just before use, 150 mmol L-KCI, 2 mmol L-1 dithiothreitol (DTT), and 1 mmol L-1 phenylmethylsulfonyl fluoride were added to the buffer. The homogenate was strained with four layers of cheesecloth and centrifuged at 80 0 0g for 10 min. The supernatant was centrifuged once more at 8 0 00g for 10 min and then at 100,000g for 40 min. The pellet was resuspended in a small volume of icecold buffer containing 10 mmol L-1 Tris-HCI (pH 7.6), 10% (vol/vol) glycerol, 1 mmol L-1 DTT, and 1 mmol L-1 EDTA. The suspension containing membrane vesicles was layered over a 20/30/42% (wt/wt) discontinuous sucrose gradient containing 10 mmol L-1 Tris-HC1 buffer (pH 7.6), 1 mmol L-1 DTT, and 1 mmol L-1 EDTA. After centrifugation at 100,000g for 3 h in a swinging bucket, the vesicles that sedimented at the interface between 30 and 42% sucrose were collected, diluted with three volumes of ice-cold water, and centrifuged at 100,000g for 40 min. The pellet was resuspended in a buffer containing 10 mmol L Tris-HC1 (pH 7.6), 10% (vol/vol) glycerol, 1 mmol L-1 DTT, and 1 mmol L-1 EDTA. The vesicles were either used immediately or frozen under liquid N 2 , and stored at -70 'C until use. Protein concentrations were determined using the method of Lowry et al. (1951) .
A TPase Activity
ATPase activity in PM vesicles was determined by measuring the release of Pi colorimetrically (Fiske and Subbarow, 1925) . Between 80 and 95% of the PM vesicles ATPase activity measured at pH 6.5 was inhibited by vanadate (0.1 mmol L-1), a very effective inhibitor of the P-type H+-ATPases (Sze, 1985) . In all experiments, ATPase activity was measured at 30 'C, with and without vanadate, and the difference between these two activities was attributed to the PM H+-ATPase.
Analysis of Variance
Statistical analysis of the results was achieved by analysis of variance between groups using Tukey test for means and Pearson correlation coefficients between characteristics from root growth and characteristics of HA.
RESULTS
Soil Chemical Characteristics
The Lithic Udorthent soil appeared at an initial stage of weathering due to absence of any diagnostic horizon, thickness of the A horizon, and abrupt lithic contact. The exchange complex of this soil was saturated with Al (Table 1) , which was presumably directly deriving from parental material. The Vertic Argiustoll and Typic Calciustoll soils were considered at intermediary weathering stage because of presence of highly active clay, as well as of saturation of sorptive complex by alkaline earth metals. Less active clays and lower base saturation characterized the most advanced weathering of soils classified as Ultic Paleustalf, Typic Kanhaplustult, and Typic Haplustox (Table 1 ). The content of organic C ranged from 10 to 44 g C kg-', and the yield of HA extraction varied from 1.1 to 25 g CHA kg-1 soil.
HA Chemical Characteristics
Elemental composition and atomic ratios of the HA are listed in Table 2 . The C content of the HA varied from 450.7 to 558.8 g kg-1, whereas N and H content varied from 33.1 to 62.2 and 52.6 to 58.7 g kg-', respectively. The largest C and smallest N contents were found for HAL, whereas the lowest H content was that of HA5. High C/N and low H/C ratios are considered to indicate a high stability of humus and large degree of condensed structures (Stevenson, 1994) , which have been traditionally interpreted as indexes of advanced "humification." However, the largest C/N ratio was found for HA1 (least weathered soil) and the smallest one for HA2 (intermediate soil weathering). Moreover, the HA isolated from highly weathered soils showed H/C values between 1.29 and 1.45, whereas those extracted from less weathered soils revealed H/C values in the 1.25-1.32 range. Again, the latter values suggest a larger content of 628 SOIL SCIENCE TABLE 2 Elemental composition (wt%, on ash-and moisture-free bases), ash content (%), atomic ratios, E 4 /E 6 , total and carboxylic acidity, fluorescence intensity, and content of free radicals of HA C H N 0 Ash C/N H/C O/C E 4 /E 6 COOH Total Fluorescence Free radicals HA acidity intensity  ---------------- unsaturated compounds, on the basis of the traditional interpretation. In agreement with this, the O/C ratios were larger for HA of most weathered soils, thereby suggesting a more oxidative HA conditions in these soils (Table 2) . Although these elemental parameters are often used to relate humic chemical characteristics with soil genesis and/or properties (Stevenson, 1994) , the values found for the HA of this study do not agree with such relations. However, a relationship between soil weathering and HA seems to exist for total and carboxyl acidity that was invariably larger for HA from more weathered soils (Table 2 ), as to account for an advanced oxidation of humic molecules.
Spectroscopic Analyses
Humic matter is known to contain conjugated double bonds which are responsible for their brown color. Based on Russian soils, Kononova (1961) introduced an index of hurnification degree, the E 4 /E 6 ratio, as the ratio of absorbances at 465 and 665 nm and attributed a large humification to low E 4 /E 6 values and vice-versa. Chen et al. (1977) further suggested an inverse relationship between E 4 /E 6 ratios and molecular weight of HA. However, the relationship between the E 4 /E 6 ratio and the extent of HA molecular mass has been questioned by Piccolo (2001) .
The E 4 /E 6 ratios found for the HA studied here (Table 2) are larger than the ranges previously reported by Kononova (1961) and were in the order: HA6 > HA5 > HA4 > HA2 > HA3 > HAI. Besides their unusual large values, our E 4 /E 6 results should suggest that, except for HA6, the soil HA possess a relatively small content of chromophores and/or relatively small molecular weight. The traditional interpretation of the E 4 /E 6 ration seems to be in contradiction with the apparent weight-average molecular weight (Mwa) values of HA, as obtained by analytical HPSEC (Table 3 ). In fact, the RIdetected Mwa values, based on the real mass of humic materials, indicated that HA5, isolated from the most advanced soil in the sequence, had the larger molecular size than the rest of HA, and HA1, extracted from the youngest soil, showed the smallest size. The UV-detected Mwa values, which account only for the absorption of humic matter at 280 nm, were generally in line with RI detection, which measures weight distribution of the bulk HA mass. For the latter detection, the order of Mwa values was HA5 > HA6 ? HA4 > HA3 > HA2 > HA1.
The HA isolated from the least weathered soil presented a larger fluorescence emission than the HA isolated from more weathered soils. The fluorescence intensity decreased with soil weathering in the order: HA1 > HA2 > HA3 > HA4 > HA5 > HA6 (Table 2) . It is interesting to note that this order is inverse to that observed for the E 4 /E 6 ratio (Table 2 ) and the RI Mwa values (Table 3) . Milori et al. (2002) proposed a humification index for HA based on the fluorescence intensity emitted after excitation at 465 nm. The blue wavelength (465 nm) excitation was believed to promote energy absorption by electrons in condensed aromatic rings and/or highly unsaturated alkyl chains . However, fluorescence of HA samples is also reported to be highly dependent on several other parameters such origin, structure, and molecular size (Senesi, 1990; Conte et al., 2007) . The CPMAS-13 C-NMR spectra of HA are reported in Fig. 1 carbon nuclei resonating in five different spectral regions was calculated from spectral integration (Table 4 ). Carbon distribution showed that the relative amount of alkyl carbon generally decreased with increasing soil weathering, whereas that of oxidized (carboxyl groups), C-N/C-O, and aromatic/olefinic carbons increased with weathering (Table 4 ). The CPMAS-1 3 C-NMR spectra of HAl and HA2 contained the most intense alkyl signals centered at 28 and 36 ppm, whereas that of HA3 was characterized by a relatively more intense signal in the 40-to 90-ppm region (Fig. 1) . In contrast, the HA isolated from highly weathered soils (HA4, HA5, and HA6) presented an additional small signal at 13-15 ppm and the largest relative content of sp2 carbons. The signals at 28 and 36 ppm are usually attributed to methylene groups of alkyl chains, whereas those at 13-14 ppm are assigned to the terminal methyl groups of carbon chains (Wilson, 1987) . HA1 and HA2 originated from less weathered soils and showed a dominance of hydrophobic C resonance (44-0 ppm) because of sp 3 C species, whereas HA4, HA5, and HA6 from highly weathered soils presented intense signals in the 161-to 112-and 220-to 161-ppm intervals that correspond to sp 2 C species in aromatic/olefinic structures and carbonyls of ketones, quinones, aldehydes, and carboxyls, respectively (Fig. 1 ). An increase of aromatic/ olefinic structures in HA as a result of humification has been previously reported (Ikeya et al., 2004; Xiaoli et al., 2007) , whereas a decrease in alkyl C content was observed in other tropical soils under a change from forest to cultivated land use (Spaccini et al., 2006) . The HA3 isolated from a soil of intermediate weathering showed a marked resonance in the 92-to 44-ppm range (Fig. 1) . This region is normally attributed to C-O systems, such as carbohydrates and ethers, and C-N groups and complex aliphatic carbons, which may be attributed to cellulose and lignin residues, proteinaceous material, and microbial metabolites, respectively (Wilson, 1987) .
Complex and highly condensed aromatic structures are believed to stabilize semiquinonetype free radicals in HA (Senesi and Steelink, tMean in a column followed by the same letter does not differ by Tukey multiple range test at P < 0.05.
:The average represents the results of three independent preparations of microsomal vesicles.
1989; Senesi, 1990) , and the increase in their concentration is traditionally attributed to advanced humification (Schnitzer and Levesque, 1979; Martin-Neto et al., 1998; Bayer et al., 2002) . In the HA of this study, the values for semiquinone-type free radicals were considerably different and varied from 9.57 x 1015 to 2.96 X 1017 spins (g C-1) ( Table 2 ). The order of free-radical content was: HA3 > HA1 > HA2 > HA5 > HA4 > HA6. The largest values were found for HA from the least and intermediate weathered soils, whereas the smallest values were revealed by soils with the most advanced weathering. Also, this finding seems to contradict the traditional belief that the most "humified" humic matter should contain large amounts of free radicals. The plants were treated with 20 mg CHA L-1, and the root growth was measured as dry mass, superficial root area, and PM H+-ATPase activity. Significant at *P:S 0.01, **P:S 0.05, and ***P < 0.1. Chemical characteristics: elemental composition (C, H, N, 0, and ash) and atomic ratios (C/N, H/C, and O/C). E 4 /E 6 ratios; FI: fluorescence intensity; CSFR: concentration of semiquinone-type free radicals; HB: sum of hydrophobic C as by NMR spectra (Table 4) ; HI: sum of hydrophilic C as by NMR spectra (Table 4) ; H+-ATPase: PM H+-ATPase activity; NS: not statistically significant.
HA Bioactivity Root Growth
Functional and morphological aspects of maize roots were strongly affected by treatment with the HA of this study. In our experimental condition, the low content of ash in HA (<12.3 g kg-1; Table 2 ) and the short period of plant exposure to HA solution suggest that HA effects on root growth should not be dependent on their residual inorganic content. In this regard, it is noticeable that 7-day-old maize seedlings were found to depend more on the large amount of nutrients stored in their endosperm than on nutritional resources present in the culture medium. In maize seedlings treated for 7 days with different HA, the dry mass of roots increased from 237 to 395%, as compared to control (Table 5) . Treatment of plants with HA increased the number of mitotic sites and lateral roots from 35 to 162% and from 14 to 108%, respectively (Table 5) . Both elongation and proliferation of secondary roots were also stimulated and resulted in an enhancement of root surface area from 89 to 378% (Table 5) .
Effect on H+-A TPase Activity
Microsomal vesicles isolated from maize roots treated for 7 days with different HA exhibited a significant stimulation of the vanadate-sensitive ATP hydrolysis activity (Table 5 ). Such stimulation of ATP hydrolysis ranged from 63 to 509%, when compared to the activity of enzymes isolated from plants grown in the absence of HA. The highest values for ATP hydrolysis were induced by HA isolated from less weathered soils, whereas the order of H+-ATPase stimulation was HAl > HA2 > HA3 > HA6 > HA4 > HA5. Table 6 shows the Pearson correlation between HA characteristics and root growth evaluated by dry mass, root surface area, and PM H+-ATPase activity. A largely significant correlation was observed between chemical characteristics and stimulation of root growth in maize seedlings treated with different HA (Table 5) . A positive correlation was found between C content, intensity of fluorescence, and content of semiquinone-type free radicals with increase of root growth. The negative correlations were obtained with 0 content, O/C 632 SOIL SCIENCE VOL. 173 -No. 9 MOLECULAR PROPERTIES OF HA AND PLANT ROOT PROMOTION ratio, E 4 /E 6 ratio, and total and carboxylic acidity. No significant relationship was observed between ash content and plant growth stimulation. The correlation among the content of hydrophobic components (HB) in HA and dry mass and H÷-ATPase activity was significant but only at P < 0.1 (Table 6 ), whereas no correlation was found between the HA hydrophilic constituents (HI) and growth of maize plants. This difference in correlation suggests a role of hydrophobic domains in the bioactivity of HA.
Correlations Analysis
DISCUSSION
We examined a series of chemical and spectroscopic characteristics of HA isolated from six tropical soils at different degrees of weathering and evaluated a possible correlation between HA characteristics and their effects on dry mass, root surface area, and PM H+-ATPase activity in maize seedlings. The HA-dependent activation of the PM H+-ATPase has been previously used as a biochemical marker to evaluate the bioactivity of HA (Canellas et al., 2002; Canellas and Faýanha, 2004; Zandonadi et al., 2007) .
The HA were isolated from the soils with progressive weathering conditions and assumed to possess a degree of humification in line with soil weathering (Ikeya and Watanabe, 2003) . The HA isolated from highly weathered soils presented larger values for carbons involved in n bonds, O/C, E 4 /E 6 , total and carboxylic acidities, but lower fluorescence intensity and smaller content of semiquinone-type free radicals than the HA from less weathered soils (Table 2 ). The larger content of total and carboxyl acidity is in agreement with the traditional humification theory, which predicts the presence of more oxidized humic material in soils with a more advanced degree of weathering (Stevenson, 1994; Mendonqa and Rowell, 1996) . The process of organic matter transformation is more intense in fertile soils with large amount of bases, presence of primary minerals, and 2:1 clays, and pH values close to neutrality, than in the more weathered soils (Kononova, 1961; Stevenson, 1994) . Several changes that occur in organic matter during the "humification" process can be related to oxidation and/or mineralization of plant polysaccharides, selective preservation of more recalcitrant organic components, such as lignin, phenolic, and alkyl structures, and incorporation of organic metabolites of microbial origin (Zech et al., 1997) .
Other interpretations of the chemical characteristics of HA resulting from "humification" were from time to time related to a reduction of the E 4 /E 6 ratio (Chen et al., 1977) and an increase of fluorescence intensity (Senesi, 1990; Milori et al., 2002) , degree of aromaticity (Zech et al., 1997) , and content of semiquinone-type free radicals (Schnitzer and Levesque, 1979; Martin-Neto et al., 1998) . However, such relationships were based on the general macropolymeric theory of HA that assumed "humification" to be a process of increasing molecular weight of humic matter (Piccolo, 2001) .
Our results do not support these interpretations. First, the E 4 /E 6 values were not consistent with the weathering properties of soils from which the HA were isolated. In fact, the ratios were larger for HA from the most advanced soils than for HA from soils of initial or intermediate weathering, thereby implying that the allegedly the most humified HA of this study had generally the smallest molecular weight. The failure of E 4 /E 6 ratio to represent a reliable index of HA molecular weight was further highlighted by the Mwa values obtained by HPSEC, which were larger for HA from soils of most advanced weathering.
Second, the fluorescence intensity and the content of free radicals were lower for HA from most weathered soils than for those from younger soils ( Table 2 ). This implies an inconsistency between soil weathering and corresponding degree of organic matter humification, as based on the traditional macropolymeric theory of HA. Conversely, our results are rather in line with recent findings that indicated that the intensity of fluorescence absorption is inversely related to the molecular size of HA and their content of oxidized carbon (Richard et al., 2005; Conte at al., 2007) . In fact, the largest fluorescence intensity was found for the HA from soils of initial weathering, which exhibited the lowest molecular weight values and a relatively low content of oxidized (carboxyl) carbon (Tables 2 and 4) .
The lesser amount of free radicals in HA from most weathered soils may be explained with the concomitant increase in their carboxylic acidity. Microbial oxidation may cause the rupture of aromatic rings during humification and formation of short alkyl chains containing unsaturated carbon bonds and terminal carboxylic carbons (Bertini et al., 2003) . The possibility that olefinic double bonds account for the 160-to 110-ppm region in CPMAS-NMR spectra of humic matter better than aromaticity had been previously proposed (Hinninen et al., 1993) . The process of oxidation of aromatic rings and/or their opening results in the decrease of condensed/conjugated aromatic moieties that stabilize free radicals in HA (Bandara et al., 2005) . The consequence of the transformation of original aromatic molecules (lignin units) into olefmic and carboxyl groups during natural oxidation of humic matter is likely to induce the decrease of free-radical content, as was found here for HA from most weathered soils with generally subacid pHs. Table 6 shows a correlation between the HA-induced ATPase activation and surface root area enhancement. This is in agreement with the acid growth theory, which postulates that the acidification of the apoplast, due to activation of PM H+-ATPase, can induce cellular expansion (Rayle and Cleland, 1992) . This phenomenon has been associated with an auxin-induced activation of this P-type H+-pump by an as-yet unclear mechanism (Morsomme and Boutry, 2000) . It was previously found that HA isolated from vermicompost enhanced the synthesis of PM H -ATPase in maize seedlings, thereby modifying root architecture and, hence, plant development (Canellas et al., 2002) . The presence of auxins in HA was detected by gas chromatography-mass spectrometry (Canellas et al., 2002) and immunological assays (Muscolo et al., 1998; Pizzeghello et al., 2001) . Humic matter bioactivity has been often attributed to a direct effect of plant growth hormones, whereas the term hormone-like activity has been elsewhere used to describe plant growth stimulation (Canellas et al., 2002; Quaggiotti et al., 2004) . Nevertheless, these interpretations have been controversial mainly because of the lack of understanding of mechanisms of plant growth promotion (Chen et al., 2004) and differences in experimental conditions. An alternative hypothesis suggested that growth enhancement of plants grown in nutrient solution containing HS was the result of improved micronutrient availability (Cesco et al., 2002; Chen et al., 2004) . However, a nutrient solution was not used in this study, and ash content in HA was very low (Table 2 ). In our case, an enhanced nutrient availability should instead be regarded as an indirect effect of the H+ pump activation.
A number of significant correlations between chemical characteristics of HA and their effects on root development were observed (Table 6 ). All HA were able to stimulate root growth and PM H+-ATPase activity. However, the HA isolated from soils of low weathering degree showed the largest biological activity, whereas those isolated from most weathered soils exhibited a lower bioactivity. Nardi et al. (2004) found that humic matter in soils that received manure for 40 years revealed a larger hormone-like activity, related to enhanced glutamine synthetase and nitrate reductase activities in maize leaves, than in those added with mineral or mixed mineral-organic fertilizers. Furthermore, humic matter with large lightabsoprtion properties and high O/C ratios was also shown to substantially stimulate microsomal H+-ATPases in maize roots (Canellas and Faqanha, 2004) . The findings presented here seem to be in line with these results. In fact, HA from less weathered soils, possessing a larger content of condensed structures, as revealed by high E 4 /E 6 ratios, high fluorescence intensities, and large amount of free-radicals, than HA from most weathered soils were the most bioactive humic materials.
Moreover, the data collected in this study showed that, although significant at only P < 0.1, a correlation existed between the HA hydrophobic composition and the maize growth parameters, whereas no such correlation was found for the hydrophilic HA components. Although this information may not be statistically sufficient to indicate a role of HA hydrophobicity in bioactivity, it can nonetheless be combined with the origin of soils and the characteristics of the derived HA. In fact, although bioactivity was highly correlated to HA acidity (Table 6 ), the least weathered soils concomitantly produced the most bioactive and least-sized HA, generally containing the largest amount of both carboxyl and alkyl groups (Table 4) . It would then be plausible to imagine such bioactive HA to possess a conformational arrangement in solution whereby the sufficient hydration of acidic functions allows possible growth-promoting carbon compounds to enter in contact to root surfaces. The relationship between soil quality and soil organic matter hydrophobicity has already been shown (Capriel, 1997) . Furthermore, the content of hydrophobic carbon was found responsible for the formation of stable clay-humic complexes (Laird et al., 2001) , the stabilization of humic supramolecular structures at neutral pH (Piccolo, 2001) , and preservation of plant and 634 SOIL SCIENCE VOL. 173 -No. 9 MOLECULAR PROPERTIES OF HA AND PLANT ROOT PROMOTION microbial biomolecules in soil (Spaccini et al, 2000; Piccolo et al., 2004) .
CONCLUSIONS
The HA isolated from the most weathered soils in the tropical soil sequence studied here revealed larger apparent molecular sizes, oxidized carbons, and E 4 /E 6 ratios, but lower fluorescence intensities and free-radical content than HA isolated from younger soils. The properties of HA from this sequence of soil weathering indicate that the transformation of organic matter proceeded with an oxidation of carbon compounds that most likely turned the aromatic moieties into unsaturated carboxylic acids. Nevertheless, the bioactivity of the HA isolated from the least and intermediated weathered soils toward maize root growth was larger than that found for HA from soil of most advanced weathering. These findings suggest a relationships between the bioactivity of HA and low degree of soil weathering and organic matter transformation. Although our results did not yet give a definite relationship between the HA bioactivity and their characteristics, the indications presented here may be useful for further studies aimed to increase plant productivity by soil amendments with soluble HA.
